Positive pion production process on 12 C by 185 MeV proton is studied within the framework of DWBA by adopting the Kisslinger-type optical potential for the final state interaction. The qualitative features of this reaction are explained if the off-shell part of the optical potential is modified by introducing the vertex function. This modification scarcely affects elastic pion-nucleus scattering. § 1. Introduction Pion production process (p, n+) on nuclei is one of the interesting phenomena m pion-nucleus interactions.v~sl As a neutron is transferred into the target nucleus, this reaction is analogous to the ordinary nuclear reactions, such as ( d, p) and (n, r). Since the measurements of the cross sections of 12 C (p, n+) 13 C by the U ppsala group by the use of the 185 MeV proton beams,7)~lol this reaction has been paid much attention theoretically.11)~,sl Most of the theoretical work was based upon the DWBA theory by adopting the Kisslinger-type optical potential for describing the emitted pion! 1 l, 25 l and the conventional static pion-nucleon interaction for the vertex of pion production. The calculated values of the cross section were shown to be larger than the experimental values by one or two orders of magnitude.m. 18 l In this connection, Miller found the parameter set of the Kisslinger-type optical potential which explains elastic scattering and the (P, n+) reaction on 12 C. 19 l His parameters are, however, quite different from those commonly used in elastic scattering on 12 C." 6 l~zsl Recently Miller and Phatak 20 l have calculated the 12 C (P, ni) 13 C reaction cross section, using the separable pion-nucleon potential proposed by Landau et al." 9 l~sJJ Although the results are in agreement with the experimental data, the range parameters adopted for the nuclear form factor are somewhat too large. Besides, the vertex of pion emission was also investigated by Lee and Pittel, 22 l and by Noble. 23 l From the kinematical consideration the above complicated situations can be ascribed to the off-shell behavior of pion-nucleon interaction, to which elastic pionnucleus scattering is rather insensitive: If we switch off the initial and final state interactions in the above reaction, the momentum of the transferred neutron is 460~660 MeV/ c, \vhich is far above the Fermi momentum. Therefore, the cross section for this reaction is expected to be very small. However, if we take into Downloaded from https://academic.oup.com/ptp/article-abstract/58/2/575/1866743 by guest on 22 December 2018
account the final state interaction bet"~Neen the e1nitted pion and the residual nucleus, it will be possible to emit the pion with high momentum at the pion-nucleon vertex and then we expect a large cross section for this reaction owing to the possible transfer of a neutron with low momentum to the nucleus. vVe can confirn1 the above observations from the calculated values of the cross section, for example, by Keating and Wills. 18 l Ho·wever, as mentioned abO\·e, their theoretical ,-alues of the cross section are too large compared ·with the experimental data. Therefore, it is probable that this failure of the Kisslinger-type optical potential for (P,;: ) reaction is clue to its wrong off-shell beha\·ior.
The purpose of the present paper is to in\·estigate the effects of lliorl-nlleleon off-shell interaction on the (jJ, ;;~) reaction. It is sho\vn that tl1e con \·cntional off-shell extrapolation of the jJ-wa,-e pion-nucleon interaction in the Kisslinger-type optical potential is not valid. Introduction of the phenomenological ,-erl:ex function (cutoff function) can improve the off-shell beha,-ior of the Kisslin,~er-type optical potential without affecting elastic pion-nucleus scattering, and appreciably reduce the absolute values of (lJ, rr+) reaction cross section in conformity with the experimental data.
In § 2, the formulas for the differential cross section of the (p, 
where -vve assume the ps-pv coupling for pion-nucleon interaction (/ 2 / 4;: = 0.081).
The function ¢q H (q') is a pion distorted wave in the momentum space, v (q') 1s a vertex function of pion-nucleon interaction and p is a pion mass. Fp(q') is 
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where is a single particle wave function of neutron with total (orbital) angular momentum jH(lF) and its .z-component mE. The factor S is defined as* 1 ( 
4)
By expanding the \Yave functions of pion and nucleons in the polar coordinate as (2 · 5a) [ we rewrite the matrix element (2 ·1) as
Then the differential cross section Is given as follo\vs:
jBlB (2jB+1)
. Distorted waves and optical potentials

Distorted wave of pion
For describing the pion distorted waves, we adopt the conventional optical potential of the Kisslinger-type, which provides a simple parametrization of the optical potential ancl has successfully described elastic pion-nucleus scattering. The pion distorted waves c/Jq (q') obey the Klein-Gordon equation with Coulomb and optical potentials, Vc(q', q"), Vq (q', q"), as 32 > (3 ·1)
and Vq(q', q") = -b 0 (q)q 2 {5(q' -q") +b,(q)v(q')q' ·q"v(q")p(q' -q"), (3·3) where Pc(q'-q") is the nuclear charge form factor and p(q'-q") is the Fourier transform of the nuclear density p (r), which is assumed to be
( 3· 4) (The harmonic oscillator model corresponds to w = 4/3.) The coefficients b0 and b, in the optical potential are left as free parameters which can be determined by the elastic scattering data.
Here it should be noticed that the vertex function v(q'), which has rarely been mentioned, is introduced in the optical potential (3 · 3) . 38 >' 84 > This type of the vertex function plays an important role in a description of the off-shell components of pion distorted wave, while it has negligible effects on elastic scattering (as will be shown in Fig. 3 ). Since the elastic scattering data on 18 
we obtain the distorted waves of pion by solving the Klein-Gordon equation (3 ·1).
In Fig. 3 , we show the calculated cross sections of elastic scattering on 12 C for the cutoff parameters A=0.7, 1.0 and oo GeV, respectively.
Distorted wave of proton
We shall obtain the proton distorted waves by solving the non-relativistic Schri:idinger equation with the phenomenological optical potential given in the coordinate space by
where Ui, ai and Ri are the depth-, diffuseness-and range-parameters. We use the numerical values for these parameters which were determined by Johansson et al. from the chi-square fitting to the angular distribution of elastic scattering of 180 MeV proton on 12 C and also to the polarization data of 155 and 173 MeV protons. 35 l~ssl They are summarized in Table I . The effects of the Coulomb potential are neglected because of high-energy scattering. In the numerical calculations of (p, n+) reaction cross sections, we use the proton distorted waves described by the optical potential (3 · 6). Table I . Parameters of the proton optical potential. As is shown in Fig. 4 , the (p, rr+) reaction cross section is reduced appreciably by introducing the vertex function v ( q'), while the elastic scattering cross section is varied little by the vertex function, as shown in Fig. 3 . This result suggests that the original Kisslinger-type optical potential predicts the correct on-shell behavior of the pion wave function and can be applied to elastic scattering, while the off-shell behavior of the P-wave part in the optical potential will not correctly describe the high-momentum component of the pion wave function. In order to see the effect of the vertex function, we show the real part of the pion wave function Re cfh; (q') with s-and P-waves at kinetic energy 30.2 MeV in Fig. 6 .
It is clearly seen that, by reducing the off-shell interaction, the high-momentum component of the pion wave function is suppressed, while the on-shell part ( q = q') still remains almost unchanged. As a consequence, the experimental data on (p, rr+) cross section for the transitions to ground and first 1/2+ excited states are reproduced by choosing the cutoff parameter A as a nucleon mass which is commonly accepted!oJ~4 2 J It is noticed that the separable pion-nucleon potential of
Landau and Tabakin provides similar properties of cutting off the high-momentum component of pion, 29 J~slJ which leads to the (p, rr+) cross sections in agreement with the experimental data. 20 except such accidentally unfavoured transitions, the contributions from the higherorder processes will not be important. In fact the experimental data show that the (P, n+) reaction occurs by magnitude one order stronger than the (p, n-) reaction which is only possible through the higher-order processes.10l' 45 l Next we shall examine to what extent the reaction cross section is dependent upon the neutron and the pion wave functions. The curve a in Fig. 5 shows that if we adopt the Woods-Saxon potential for the neutron wave function, the calculated cross section for the ground state is reduced appreciably at large angle.
On the other hand, in the case of the 1/2+ excited state, the backward cross section is appreciably enhanced and also the second dip appears at around 115°.
Although the higher-order processes may become non-negligible at large angle, the qualitative features of the angular distributions are explained by the present DWBA calculations. Comparison of the curves a, b in Fig. 5 shows that the reaction cross section depends little upon detail of the nuclear form factor p (q-q').
Here, it should be mentioned that the angular distributions are affected by the choice of the neutron single particle wave function, especially at large angle, but the absolute values are almost unaltered. As a conclusion, in the framework of DWBA, the qualitative features of the
